e
-

j NASA TT F-11,339

ELECTRONIC ASPECTS OF THE MECHANISMS OF THE LETHAL AND
MUTAGENIC ACTION OF ULTRAVIOLET LIGHT

NASA TT F-11,339

G. G. Dyadyusha, V. I. Danilov and O. V. Shramko

GPO PRICE $

CFSTI PRICE(S) $

Hard copy (HC) _;5&4

Microfiche (MF) ‘ /4 é

ft 653 July 85

Translation of "Elektronnyye aspekty mekhanizmov letal'nogo
i mutagennogo deystviya uf-sveta'. Molekulyarnaya
Biologiya, Vol. 1, No. 4, pp. 539-543, 1967.

| s _ 2 7
(-]
1 s - (Xccess! MBER) = (THR})
\ - )
o
. 1™
E (PAGES) (CODE)
-
o
: Q
INASA CR OR TMX OR AD NUMBER) CRPEGIRY)

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D. C. 20546 NOVEMBER 1967




NASA TT F-11,339
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G. G. Dyadyusha, V. I. Danilov and 0. V. Shramko

ABSTRACT. The lowest triplet states of pyrimidine bases (PB)
and PB derivatives have been studied by the self-consistent-
field open-shell and closed-shell methods. Triplet excita-
tion is almost completely localized on the 5-6 bond; this
fact favors the reaction of photodimerization. A correlation
between the degree of triplet state localization on the 5-6
bond and the ease of photodimerization is demonstrated. In-
vestigation of the ground state of cytosine and cytosine hy-
drate in neutral and cationic forms shows that the deaminiza-
tion reaction of cytosine hydrate proceeds through the pro-
tonic stage. The relatiomship between the data obtained and
the mutagenic effect of ultraviolet light is discussed.

The influence of ultraviolet light on bacteria, bacteriophages, and animal/539%
cells causes lethal and mutagenic effects. The basis of the lethal effect of
ultraviolet light [1, 2] is the formation of various dimers of pyrimidine bases
(PBs) which block the synthesis of nucleic acids, causing loss of reproductive
ability. The mutagenic effect of ultraviolet light is related to the deamini-
zation of cytidylic acid hydrates formed as a result of irradiation or of PB
dimers containing cytosine [3, 4].

The available data made it possible to assume [5) that PB dimerization
proceeds through the triplet state; practically nothing is known of the causes
of the marked tendency toward deaminization of cytosine after radiation. In
this connection, there is a particular interest in the study of the electron
structure of PBs and PB derivatives in the ground and excited states. Mantione
and Pullman [6] made such an attempt. A study of the first excited state of
PBs and some PB derivatives established a correlation between the ease of photo-
dimerization and the density of unpaired electrons in atoms 5 and 6 (see dia-
gram for numeration of atoms).

However, the method used in [6] does not permit the triplet and singlet
excited states to be distinguished, although understanding of the dimerization

*Numbers in the margin indicate pagination in the foreign text.
N.B.: Commas should be interpreted as decimal points in all material that
has been reproduced directly from the original foreign documents.




mechanism requires direct study of the lowest excited states (singlet and trip-
let), which are w-7n* states [7].

We demonstrated earlier [8, 9] that the PB triplet state meets the condi-
tions necessary for the dimerization reaction; these conditions are more favor-
able than in the singlet excited state. The results of a quantum—mechanical
calculation of the m-electron structure of the lowest triplet state of PBs and
some PB derivatives are analyzed in the present work by the self-consistent-
field open-shell method [10-12].

Discussion of Results

The table presents the most essential calculated quantities for the prob- /540
lem under consideration. All compounds studied (with the exception of 6-
azothymine, which will be discussed on the following page) are listed in order
of increasing Ps_g and simultaneously decreasing Ps and Pgs i.e., by the de-

gree of localization of excitation on the 5-6 bond.

According to our calculations (see table), the 5-6 bond is practically
double in the ground state of all compounds studied. With transition to the
triplet state, Ps_g decreases significantly, indicating that in PB and some PB

derivatives this w-bond becomes so weak that it can be considered broken. Com-—
parison of qg and Pgs and also 9 and g shows that the electron density in

these atoms is mainly a function of unpaired electron density because of strong

concentration of the latter in atoms C5 and C6' This considerably increases

the reactivity of a number of the molecules studied, since this triplet state
is an unsaturated valence state [13]. The lowest n—m* triplet state, conse-
quently, has the requisites for PB dimerization, which is to say rupture of the
5-6 m-bond, followed by the formation of a cyclobutane ring.

All compounds listed in the table can be divided by degree of localization
of excitation on the 5-6 bond into three groups. The first group contains the
first four compounds, which are known to be easily dimerized [14]. The second
group contains the next three compounds, which are dimerized with less ease [14].
The third group consists of compounds which are not dimerized or are dimer- /541
ized with great difficulty; we have placed isocytosine in this group. Unfor~
tunately, the literature contains no quantitative data on the study of photo-
dimerization of isocytosine; it is only noted [14] that it dimerizes to a less-
er degree than 6-methyluracil or uracil. A more detailed investigation of its
dimerization would be of interest. Our results for this compound differ sig-
nificantly from those obtained in [6]. According to our data, localization of
unpaired electron density in atoms 5 and 6 is considerably less than in com-
pounds of the first and second groups, because the density in the 08 atom (p8 =

0.78) increases. This redistribution of unpaired electron density is not noted
in [6], and the authors consider the degree of dimerization of isocytosine to
be average. Our results also differ from those of [6] with regard to 2-thio-
thymine. Although the results of both studies indicate the nondimerization of
this compound, there is, nevertheless, considerable difference between them;
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i.e., the significant decrease of p5 was related in [6] to the concentration of
unpaired electron density in the S7 atom, while in our study, it is attributed

to concentration in 08 (p8 = 0.65).

Thus, this review indicates that the ease of PB dimerization is correlated
with both the density of unpaired electrons in atoms 5 and 6, and the order of
the 5-6 bond.

Returning to 6-azothymine, we see that neither the calculations in [6] nor
our own calculations, explain the absence of its photodimerization. It is pos-
sible that the introduction into thymine of the nitrogen atom with its unshared
pair of n-electrons results in the appearance of new singlet and triplet n-w#*
transitions occurring at energy levels lower than the corresponding m-n* tran-
sitions. As a result, entry into the triplet n-w* state following excitation
is most probable; apparently localization of excitation on the 5-6 bond does
not occur in this state.

For a comparison with the above described results, the table also contains
(in parentheses) the results of calculation by the self-consistent-field closed-
shell method. Comparison of the calculation results obtained by the two meth-
ods reveals marked differences. The results of calculations based on the
closed-shell theory provide contrasting arrangements of PB ranked by ease of
dimerization, depending on whether the latter is measured by the distribution
of Py and Pgs OF by Ps_g- If ease of dimerization is based on excitation lo-

calization on the 5-6 bond, use of the closed-shell theory causes uracil to
change places with 6-methyluracil, and cytosine to change places with 5-methyl-
cytosine. However, the basic difference is that the open-shell theory predicts
a large localization of triplet excitation on the 5-6 bond. BResides giving
better agreement with the experimental data [7], the open-shell theory provides
a more correct physical result for the chosen system of integrals: the energy
of the first triplet states decreases by 0.5-1 eV in comparison w1th energies
computed without reminimization of wave functions.

In addition to dimers formed during ultraviolet irradiation of organisms,
nucleotide hydrates are important photoproducts [1]. Since the mutagenic effect
is related to the formation of cytosine hydrates and their subsequent deamini-
zation, it is clear that study of cytosine hydrate is important for an under-
standing of the causes of the increased tendency to deaminization.

We studied the ground state of cytosine hydrate by the self-consistent-
field method. It was found that the C4 atom, through which deaminization pro-

ceeds, has a charge of +0.23 in cytosine hydrate, while cytosine itself has a
charge of +0.19, i.e., deaminization during hydrate formation is facilitated to

a certain extent. However, calculation of the nucleophilic localization energy /542
of the C4 atom, which is 12.76 eV in cytosine and 12.95 eV in cytosine hydrate,

gives the opposite picture. This seems to render improbable the viewpoint of
Mantione and Pullman [6], who explain the increased tendency deaminization by
the increase in the positive charge on the C4 atom due to simple saturation of
the 5-6 bond.
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Much more important to the facilitation of cytosine deaminization, in our
opinion, is the fact that the formation of cytidylic acid hydrate significantly
increases the pH of the dissociating group of the base. Thus, according to the
data in [3], the pH of cytidylic acid hydrate is 5.56, while the pH of cytidylic
acid is 4.26, i.e., if the relative content of cationic and neutral forms in
cytidylic acid is 1:1000, it is 1:50 in the hydrate. In this connection, it is
of interest to study the ability of the cationic form of cytosine hydrate to
deaminize. We computed the electronic structure of the cationic forms of cyto-
sine hydrate and of cytosine itself. The charge on the C4 atom in the cation

of cytosine hydrate increased very sharply (by 0.39), while the energy of nu-
cleophilic localization of this atom decreased substantially (by 3.50 eV) in
comparison with the neutral form of cytosine hydrate. Also observed were a no-
ticeable increase of the positive charge and a decrease of the localization en-
ergy of the C4 atom in the protonic form of cytosine hydrate in comparison with

the protonic form of cytosine itself (in the latter, the C4 atom has a charge

of +0,46, while the localization energy is 11.09 eV). This greatly favors the
deaminization reaction.

Actually, experimental data [3] indicate that the greatest yield of the
hydrated form of uridic acid obtained as a result of deaminization of cytidylic
acid hydrate is observed at pH 3; i.e., when the latter is almost completely
found in the protonic form. As the pH increases, the rate of deaminization
decreases, but not as quickly as should be expected from the decrease in con-
centration of the protonic form; this is due to a simultaneous increase in the
concentration of OH ions which are the most probable agents of deaminization.
On the basis of the data obtained, there is reason to suppose that the process
of cytosine deaminization in uracil takes place mainly in the protonic form of
cytosine hydrate.

This process is capable of explaining part of the experimental data on the
mutagenic effect of ultraviolet light [15, 16], which led to the substitution
of a pair of guanine-cytosine bases (GC) for a pair of adenine-thymine bases
(AT). 1It is possible that the above-described deaminization mechanism also oc-
curs in dimers containing cytosine. Some of the GC > AT transitions are evi--
dently controlled by change in the coding properties of cytosine hydrate.

It is possible that in the reduplication of nucleic acids, certain cationic
forms of cytosine hydrate do not pair with any of the bases, which may result
in deletion. This possibility, together with the occurrence of deletions due
to the formation of PB dimers, may explain some of the mutations which were not
identified {15, 16], but were assumed to be deletions or insertions.

The mechanisms under consideration do not explain 6% of the mutations at-
tributed to AT » GC tramsitions [16]. Apropos, it is of interest to investi-
gate the hydrated form of uracil and its matrix properties, since possible de-
crease in the pH of its dissociative group in the hydrate could lead to the in-
clusion of guanine, which would explain the occurrence of AT + GC transitions.
Following exposure to ultraviolet radiation a shift of the tautomeric equili-
brium of A or T in the matrix accompanying replication errors, or of G or C in
the substrate accompanying inclusion errors might also have the same effect.




As the computations which one of us performed [17] indicate, the tautomeric
equilibrium of T and U in the lowest excited singlet state is displaced in the /543
direction of lactam forms by comparison with the ground state equilibrium,

Conclusions

A quantum-mechanical calculation of the ground and excited states of vari-
ous pyrimidine derivatives supports the conclusion that triplet excitation is
almost completely localized on the 5-6 bond; the latter, with simultaneous rup-
ture of the m-bond, is a necessary condition of cyclobutane ring formation.

The compounds studied show a correlation between the degree of localiza-
tion of triplet excitation on the 5-6 bond and ease of photodimerization.

The study of cytosine and cytosine hydrate in neutral and cationic forms
indicates that the deaminization reaction of cytosine is considerably facili~
tated in the protonic form of the hydrate. This process is capable of explain-
ing some of the experimental data on the mutagenic effect of ultraviolet light.

The authors are grateful to G. F. Kventsel' for reading the manuscript and
for his useful comments.
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